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Abstract 

The spectrum of the C = 1 hyperons is well described by the constituent 
quark model, if the fine structure interaction between the light and strange 
quarks is mediated by the SU (3) p octet of hght pseudoscalar mesons, which 
are the Goldstone bosons of the hidden approximate chiral symmetry of 
QCD. With the addition of a phenomenological flavor exchange interaction 
of the same form between the light and the charm quarks to describe the 
Sc — S* and — S* splittings, the splittings between the C = 1 states 
fall within 10-30 MeV of the empirical values. Predictions are presented for 
the lowest negative parity excited states and the magnetic moments as well. 
Corresponding predictions for the B = —1 hyperon states are also given. 
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1. Introduction 



A very satisfactory description of the whole observed part of the spectrum 
of the nucleon, A-resonance and the strange hyperons can be achieved with 
the constituent quark model if in addition to an effective harmonic confining 
interaction the constituent quarks are assumed to interact by exchange of the 
SU{3)p octet of light pseudoscalar mesons, which are the Goldstone bosons 
of the hidden realization of the approximate chiral symmetry of QCD [1,2]. 
We here show that the extension of this model to the ground state spectrum 
of the C = 1 charm hyperons predicts a spectrum in good agreement with 
the empirically known states if it is augmented by a weaker phenomcnolog- 
ical heavy flavor exchange interaction that acts between the light and the 
charm and the strange and the charm quarks respectively. This flavor ex- 
change interaction may be viewed as arising from exchange of D (and D*) 
mesons (or systems with the same quantum numbers) between the u, d and 
the c-quarks and of Dg (and D*) mesons between the s and c quarks. Such 
flavor exchange interactions requires complete antisymmetrization of the 3 
quark states, even for the quarks of widely different mass. This implies a 
close formal correspondence between the symmetry (and notation) for the 
C — and S — —1 hyperon states [3,4]. 

The mean energy of the 2 lowest excited A+ states is predicted to be in 
good agreement with the empirical value, under the assumption that these 
states are the charm analogs of the strange flavor singlet A(1405) — A(1520) 
negative parity resonances. Together with the satisfactory prediction of the 
energies of the C = +1 hyperons in the ground state band this indicates that 
the chiral constituent quark model of refs.[l,2] has the proper heavy quark 
limit. The predicted spectrum of the ground state bottom B — —1 hyperons 
is very similar to that of the C — charm hyperons. Predictions are given 
for the lowest ("P-shell") negative parity states as well as for the magnetic 
moments, with inclusion of the small exchange current corrections. 

The spin-spin component of the SU{3)f pseudoscalar octet exchange in- 
teraction has the form 
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i<j a=l a=4 

+K,(r,,)AfA5}a, ■ a„ (1.1) 

where the radial functions Vk and represent the tt, and ?7-exchange 
interactions respectively, and which have the usual Yukawa form at long 
range. As the behavior of these functions at short range is not known, their 
matrix elements in the lowest shells of the harmonic oscillator basis were 
extracted from the lowest splittings of the nucleon spectrum in ref . [2] . 

With those matrix elements the spectra of the hght and strange baryons 
were predicted to be in remarkably good agreement with the empirical spec- 
tra. Moreover the chiral boson exchange interaction (1) leads to the correct 
ordering of the positive and negative parity states in the spectra in the spec- 
trum and in contrast to the commonly employed gluon exchange model [5]. 
The motivation for the interaction (1) is the unique role that the light pseu- 
doscalar octet mesons have as Goldstone bosons of the spontaneously broken 
approximate chiral symmetry of QCD. Because of their large masses the cor- 
responding charm and charm-strange pseudoscalar mesons D and Dg cannot 
on the other hand be given any such interpretation. In fact by the near de- 
generacy between them and the corresponding vector mesons D* and D* a 
meson exchange interaction of the form (1) would be expected to be due to 
both pseudoscalar and vector meson exchange. A phenomenological interac- 
tion that represents these types of interaction mechanisms in pairs involving 
one light and one heavy quark would have the form 

i<j a=9 

14 
a=13 

Here the A" matrices are the SU{4:) extension of the SU{3)f Gell-Mann ma- 
trices in (1). As the quark content of the r)c and the J/ip are purely cc 

these mesons mediate no interaction between the light and charm quarks, 
and arc therefore omitted from (1.2). It will be shown below that an in- 
teraction of this form is required to explain the nonvanishing S* — Eg and 
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S* — splittings. The interactions Vd and Vd^ will be treated as purely 
phenomenological here, and in fact we shall only need their 5'-state matrix 
elements in the oscillator basis. 

As the interaction (1) does not act in quark pair states that include charm 
or bottom quarks, the consequence is that the fine structure of the C = +1 
and B = —1 hyperons should be mainly determined by the interaction (1) 
in the quark pair with only light and/or strange quarks. As moreover the 
ground state band is insensitive to the details of the confining interaction, 
this implies that the energies of the ground state charm and bottom flavor 
hyperons may, to a first approximation, be predicted without any additional 
parameters. 

This paper is dcvided into 7 sections. In section 2 we review the har- 
monic oscillator basis states for the hyperons with one heavy quark, treating 
the quark mass difference as a perturbation. In section 3 we construct the 
ground state spectra of the charm and bottom hyperons using the chiral 
field interaction (1.1) and discuss the role of the fiavor exchange interactions 
between light and heavy quarks. In section 4 we discuss the lowest excited 
negative parity states of the charm hyperons. Section 5 contains the re- 
sults for the ground and L = 1 state bands of the B = —1 hyperons. In 
section 6 we give predictions for the magnetic moments of the ground state 
C — +1 and B — —1 hyperons. Section 7 contains a summarizing discussion. 



2. The Basis States for the Heavy Flavor Hyperons 

There is no a priori reason to exclude two-body fiavor exchange inter- 
actions between constituent quarks. Such are automatically implied by any 
direct quark couplings to the light pseudoscalar mesons, once the meson de- 
grees of freedom are integrated out of the corresponding Fock space. The 
importance of such couplings appears increasingly compelling [2,6,7,8]. An 
immediate consequence of fiavor exchange interactions is that such imply 
the necessity of complete antisymmetrization of the 3 quark states that form 
the baryons even when the 3 quarks have different ffavors and constituent 
masses. This is most readily illustrated by an example. Consider the A°, the 
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quark content of which is uds. By definition the u, d quark pair state has to 
be completely antisymmetric. Kaon exchange between say the u and the s 
quarks will exchange their flavor coordinates thus leading to an antisymmet- 
ric (i, s pair state. Iteration of the argument implies that the three quarks 
have to be in antisymmetric flavor states, and as a corollary that the uds 
state is necessarily totally antisymmetric. The argument generalizes imme- 
diately to the A+, which has the quark content udc. In the latter case the 
flavor exchange interaction could be mediated e.g. by the D or D* mesons. 

The requirement of the total antisymmetry of the 3-quark wavef unctions, 
independently of the quark flavors, is met by the SU (3) flavor-spin basis for 
the charm quarks, which can be constructed directly from the corresponding 
3-quark states for the strange hyperons [3,9] by replacing the s quark with 
the c quark in the A and S flavor states in the case of the A+ and the Sc, 
by replacing either the u and the s or the d and the s quark in the A and S 
flavor states by the s and c quarks respectively in case of the and and 
flnally by replacing the light quark by the c quark in the S wavefunctions 
in the case of the The only new feature in the case of the C — and 
B = —1 hyperons is the appearance of the states and in which the 
light and strange quarks form an antisymmetrical combination, as well as 
the appearance of spin 1/2 and VL'^ states in addition to the spin 3/2 Vl^^* 
and Vtl* states, which have the same flavor-spin symmetry as the Vt~ [3,4]. 

We shall describe the effective confining interaction by a harmonic os- 
cillator interaction with fiavor independent string tension. The harmonic 
oscillator Hamiltonian for the 3-quark system is then 

where M is the sum of the 3 quark masses {J2l=i rrii), and Pcm is their total 
momentum. In the case of the C=lorS = — 1 hyperons two of the quark 
masses represent the constituent masses of the light or strange quarks (m) 
and one that of a heavy fiavor quark {mh) ■ 

Because of the mass difference between the light and heavy quarks, the 
antisymmetrization of the 3 quark wavefunction will lead to a mixing of the 



4 



orbital and flavor states so that the hyperon states will lack definite orbital 
and fiavor symmetry. In view of the fact that the harmonic oscillator poten- 
tial represents but a crude effective representation of the confining interaction 
we shall here avoid the diagonalization of the oscillator Hamiltonian in the 
antisymmetric basis with mixed orbital and fiavor symmetry and be content 
to treat the quark mass difference as a fiavor dependent perturbation to the 
equal mass model Hamiltonian: 

3 ^ p2 1 

H'=y^-tJElj^^y ^a;2(f _ ff (2.2) 
° ^2m 6m v « , v ; 



where u = \Jk/m. The perturbation that arises from the quark mass differ- 
erence is then 

// \^ '^h ~ r Pi Pcm T X m 0\ 

^ 2m mh 3{2m + mh) 

Here the Kronccker 6ih indicates that the perturbation acts only when i 
equals the coordinate label of the heavy quark. If the term that contains 

— * 

the center-of-mass momentum Pcm is dropped in (2.3) the only effect of the 
perturbation (2.3) on the oscillator states in the ground state band will be a 
lowering of their energies by 

< g.s.\H'o\g.s.>= -^S, (2.4) 

where 

S — {1 — m/mh)oj. (2.5) 

The flavor-spin symmetries of the hyperons in the ground state band are 
[Sj/^^pljp'pljs and [SjirspJirpJ^, where denotes a Young pattern with 
/ being the sequence of integers that indicates the number of boxes in the 
successive rows of the Young pattern. This should then be combined with 
the totally symmetric orbital state ([3]x) and the antisymmetric color state 
([lll]c). 

The flavor-spin symmetries of the zero order oscillator wavefunctions 
of the lowest lying negative parity A+ (Aj^) states in the P-shell will be 
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[21]p5[111]f[21]5, [21]^5[21]f[21]5 and [21]fs[21]F[3].s respectively. The cor- 
responding zero order wavefunctions of the SclSj,) states will have the flavor- 
spin symmetries [21]f5[21]^[21]5, [21]^5[3]f[21]s and [21]f5[21]f[3]5. The 
levels of all of these states, which are degenerate at zero order (2.2), will be 
split by the chiral field interaction (1.1), the heavy flavor exchange interac- 
tion (1.2), as well as by the perturbation (2.3) that arises from the quark 
mass difference. The ffavor-spin symmetry of the predicted negative parity 
resonances of the S" and the are the same as these of the Ac and the Ec 
above. The states and their symmetry assignments are hsted in Tables 1-3. 



3. Fine Structure Splitting of the C — 1 Ground State Hyperons. 

The spectrum of the ground state C = 1 charm hyperons is obtained by 
treating the flavor exchange interactions (1.1) and (1.2) in flrst order per- 
turbation theory. The correction to the unperturbed level is then expressed 
in terms of S-state matrix elements of the potential functions Vk and 
in the pseudoscalar octet exchange interaction (1.1), as well as of the charm 
and charm-strangeness exchange potentials in Hh (1-2). We shall denote 
these matrix elements P/^ =< nlm\V\nlm > , where the superscript / indi- 
cates the type of flavor exchange. Here \nlm > are 3-dimensional harmonic 
oscillator wavefunctions. In the case of rj exchange the constituent masses 
of the quarks in the interacting pair is indicated explicitly (here m„ = m^). 
The flne structure corrections to the different hyperon states are expressed 
in terms of such integrals in Tabic 1. In these flne structure corrections we 
have also included the difference between the constituent masses of the 
light u, d and s quarks, as well as the energy shift —^S (2.4) that is caused 
by the quark mass difference. 

The pion and K exchange matrix elements Pqq and were extracted 
from the empirical A33 — and S(1385) — S mass differences to be 29.05 MeV 
and 20.1 MeV in ref. [2]. The u — s quark mass difference was determined 
from the — N mass difference to be 127 MeV. Finally the matrix element 
Pqq of the f] exchange potential in u, s and d, s quark pair states was assumed 
to equal the matrix element of the K -exchange interaction: PQQ=Pf^. The 
two remaining matrix elements of the rj exchange interaction for pair states 
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of light quarks P^q and of s-quarks Pqq were determined from the matrix 
element Pqq using the quark mass scaling relations 

pus _ TDUU TDSS _ /^I^X TDUS (1, ^\ 

1 1 tg 1 1 i g 

The constituent masses of the u and d quarks were taken to be equal and to 
be 340 MeV, and hence = 467 MeV. 

We shall treat the matrix elements of the charm {D) and strangeness- 
charm {Ds) exchange interaction potentials in (1.2) as phcnomcnological pa- 
rameters, denoted P^q =< 000|yD(r)|000 > and Pqq' =< 000|VD,(r)|000 > 
respectively. In view of the near degeneracy of the charm and the charm- 
strange D and Dg pseudoscalar mesons and of the corresponding D* and D* 
vector mesons we shall assume the matrix element equality 

n^ = n^^ (3.2) 

It will be shown below that the empirical S*-Sc splitting indicates the mag- 
nitude of these matrix elements to be about 3 times smaller than that of the 
corresponding K exchange matrix element P^. 

The numerical predictions for the C = 1 ground state charm hyperon 
mass values are given in Table 1. The masses of all these states, with the 
exception of the Q^, have now been determined experimentally [10,11,12]. 
In the Table we give the predicted mass values with and without the phe- 
nomenological D and Dg interaction matrix elements, which arc required in 
the present model for lifting the degeneracy between the Eg and E* and that 
between the 5* and 5*. 

The magnitude of the matrix element Pq^ be extracted from the 
empirical splitting between the Eg and the A+: 

m(E,) - m(A+) = 8P^q - AP^q - ^P^q\ (3.3) 

This yields the value P^ — 6.5 MeV. It is worth noting that the ratio be- 
tween this value and the corresponding value 20.1 MeV for the K exchange 
interaction matrix element P^ is close to the quark mass ratio ms/rric that 
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would be suggested by comparison of the expressions for the K and D ex- 
change pseudoscalar exchange interactions, if the couphng strengths of these 
two interactions are equaL To see this we note that the value for the con- 
stituent mass of the s-quark was determined to be 467 MeV in [2]. The 
corresponding value for the c-quark may be determined from the difference 
betweent the A+ and A'^: 

= m(A+) - m(A°) + + QP^^ - QPg - U. (3.4) 

This yields the value nic = 1652 MeV, when in the expression for the mass 
difference correction 6 (2.5) we use the value huj = 157 MeV [2]. These val- 
ues for nis and rric are very close to those obtained in ref. [13]. The ratio 
ms/rric — 0.28, is then only slightly smaller than the matrix element ratio 
P^/P^ — 0.32. The fact that the latter number is shghtly larger is natural, 
as the relative importance of the vector meson exchange interaction should be 
larger in the case D and D* exchange than in the case of K and K* exchange 
in view of the near degeneracy of the D and D* mesons. The near equahty 
between the quark mass and matrix element ratios suggests that the overall 
interaction strength is approximately SU (4) p symmetric and that this flavor 
symmetry is broken mainly through the quark mass differences. 

With the numerical value 6.5 MeV for P^ the Ec mass is fitted to be in 
agreement with the experimental value, whereas if the D exchange matrix 
element is set to 0, the mass of the Sc is ovcrprcdicted by 26 MeV. Since this 
represents only ~ 15 % of the mass splitting between the and the A+ it is 
clear that the dominant part of the hyperfine splitting of the hyperons with 
only one heavy quark is due to the hyperfine interaction between the two 
light quarks. This value for P^ is however not sufficient to explain all of the 
splitting between the E* and the Ec, which is solely due the fine structure in- 
teraction between the light and the charm quarks. This splitting is obtained 
as 6P(^ = 39 MeV, which is considerably smaller than the empirical splitting 
of 75 MeV. As the present experimental mass value for the E* remains very 
uncertain there is little reason at this time to increase the value for P^ to 
reduce this difference, most of which (60 MeV) could be accounted for by 
taking Pq^ to be 10 MeV, at a price of a concomitant (quite insignificant) 
underprediction of 14 MeV of the Ec. 
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The empirical splitting between the and the Sc is only 10 - 15 MeV. 
The expression for this splitting is in the present model 

m(5«) - m(S,) = Po'J) - + ' 2n"o + 7Poo - ^Pm' + A.. (3.5) 

With the matrix element values above this splitting is also predicted to 
be small: 30 MeV. The agreement with the empirical splitting may be im- 
proved by exploiting the at least 10 MeV large uncertainty in the value 127 
MeV for the quark mass difference parameter A^. Perfect agreement with 
the empirical splitting can of course be achieved by relaxing the assumed 
matrix clement equality (3.2) and taking P^" to be 11 MeV rather than 6.5 
MeV. The smallness of the — Sc splitting does in fact provide a rather 
sensitive test of the model, in view of the requirement of balancing the u — s 
quark mass difference against the fine structure matrix elements. 

The empirical splitting between the and the SJ! is 95 MeV, within a 
considerable uncertainty range. The present prediction for this splitting is 

m(S^) - m(S^) = 4Po^ + ^-P^^ - 2PS, - 2PS,% (3.6) 

the numerical value of which is 108 MeV. This is only about 10% larger than 
the empirical splitting 90-95 MeV. 

The sphtting between the S* and the is predicted to be 

m(S:) - m(S^) = 3Po^ + 3Po^^ (3.7) 

Numerically this is 39 MeV, which amounts to only about one half of the 
empirical sphtting 82 MeV. Because of the substantial uncertainty in the em- 
pirical mass value for the the predicted value may nevertheless turn out 
to be satisfactory. The splitting can of course in principle be fully accounted 
for in the same way as the E* — Ec splitting by increasing the values of the 
matrix elements P^ and P^)" ■ 

The sphtting between the Q° and the is predicted to be 

m{nl) - m(S:) = 6Po^ + P^^ - ^P^^ + 3Po^ + 3Po^^ + A,. (3.8) 
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The numerical value for this splitting is 241 MeV, which agrees very well 
with the empirical value 245 MeV. Finally the fl^* — splitting is predicted 
to be 6Po^' = 39 MeV. 

It is worth noting that the fine structure corrections in Table 1 imply the 
equal spacing rule [14] 

m(E:) - m(E,) = m(S:) - m(S:) = m(Qr) - m(Q°) (3.9) 

under the matrix element equality assumption (3.2). With the near equahty 
of the present empirical values for the first two of these sphttings (75 MeV, 
82 MeV) this rule appears to be well satisfied. This equal spacing rule im- 
plies the weaker mass relation for these charm hyperons proposed in ref. [15]. 

It is interesting to note how similar the present predictions of the split- 
tings of the ground state charm hyperons are to those obtained previously 
in the topological soliton (Skyrme) model, which implies an underlying large 
Nc hmit. The Sc — A+ splitting was predicted to be 154-170 MeV in ref. [16] 
and 179 MeV in ref. [17]. These values are close to the present predictions 
in Table 1 and to the empirical one. The quark model based prediction of 
the splitting between the E* and the Ec above of ~39 MeV falls within the 
range 38-62 MeV predicted in ref. [16], but is larger than the value 25 MeV 
obtained in ref. [17]. 



4. The Negative Pcirity States with L — 1 

The unperturbed harmonic oscillator energies for the lowest negative par- 
ity excitations with L = 1 have equal energy and lie huj above the unper- 
turbed ground state. The corrections to this unperturbed level that arise 
from the fiavor exchange interactions (1.1) and (1.2) are readily calculated 
using the methods of ref. [2], and are listed in Tables 2 and 3 for the A^, 
Sc and Se and respectively. In these expressions we also have included 
the correction that arises from mass difference perturbation (2.3) in lowest 
order. This perturbation is fiavor dependent and takes the following values 
in the different P-shell multiplets: 
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< ^^l^ol^^ >[2i]^s[iii]f[2i]s= -3'^ 

< K\Ho\K >[2i]fs[2i]W2%= -^5 (4.16) 

< >[21]fs[21]f[3]s= "Y^^- (4-lc) 

The corresponding corrections for the P-shell excitations of the Ec are 

// 2 

< ^t\Ho |S+ >[2i]^s[2i]f[2i]s= -3<^> (4-2a) 

2 

< ^^l-f^O 1^^ >[21]j.s[3]j.[21]s= -gf^, (4.26) 

3 

Finally the corresponding corrections for the L = 1 negative parity excita- 
tions of the are the same as those of the (4.1), and those of the are 
the same as those of the Eg (4.2) (neglecting the difference between the u, d 
and s quarks in this correction). 

In view of the short range of the heavy flavor exchange interaction it is 
natural to expect the P-shell matrix elements of this interaction to be small, 
as the corresponding oscillator wavefunctions vanish at short range. With 
Pu — ^he predicted energy of the central of the lowest negative parity 
A+ multiplet falls at 2599 MeV, which is only 10 MeV below the corre- 
sponding empirical value 2609 MeV. The latter value is obtained under the 
assumption that the two recently discovered (2593) and A+ (2625) res- 
onances form a negative parity spin doublet, which corresponds to the low 
lying A(1405) — A(1520) strange flavor singlet spin doublet. The small under- 
prediction of 10 MeV can in principle be removed by chosing P{( — 5 MeV. 
We shall accordingly employ this value in the numerical predictions below, 
although the smallness of this value makes the changes from the predictions 
that are obtained by setting it to are in fact too small to be significant at 
the expected level of accuracy of the model. 
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The predicted energies of the other A+ and Sc negative parity states in 
Table 2 are expected to be fairly realistic in view of the remarkably satisfac- 
tory prediction obtained for the centroid energy of the A+(2593) — A+(2625) 
doublet. The present prediction for splitting between the ground state and 
this doublet is 25 - 50 MeV larger than the corresponding ones obtained in 
refs.[18,19], in which the fine structure interaction between the quarks was 
described in terms of one gluon exchange. 

In Table 3 we list the predicted energies of the negative parity excited 
states of the Sc and the hyperons with with L = 1. We expect the reliabil- 
ity of these predictions to be similar to those obtained for the corresponding 
states of the Ac and Eg hyperons above. 

Among the negative parity states listed in Tables 2 and 3 are notes that 
some are predicted to be near degenerate. Thus the A+ multiplets with zero 
order wavefunctions with mixed flavor symmetry [21] p are predicted to be 
split by only 12 MeV. A similar near degeneracy is predicted for the [21]f 
with S = 1/2 and [21]^. with S = 3/2. The i~ and |~ of these doublets 
may therefore be too close to be experimentally resolvable. 

The present prediction of the position of the energy of the Ac(2593)+ — 
Ac (2625)+ negative parity doublet is the first that is in agreement with the 
empirical value. The quark model predictions of ref. [5] overpredicts the 
position by 70 MeV, and that of ref. [18] overpredicts the spin-orbit splitting 
of the multiplet by a large factor. The soliton model prediction of ref. [16] 
also overpredicts this spin-orbit splitting. 



5. The Spectrum of the B — —1 Hyperons 

The spectrum of the B = —1 hyperons that is predicted with the same 
model as that used above for the C — hyperons will differ from the for- 
mer in only two aspects. The first is that the larger constituent mass of 
the 6-quark will increase the mass difference correction (2.5) slightly and the 
second is the fact that the generalization of the heavy flavor exchange in- 
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teraction (1.2) to the case of the bottom hyperons should be less important 
than for the charm hyperons in view of the very short range of bottom flavor 
exchange mechanisms and the smallness of the overall factor l/m;, that is 
expected to be associated with the S-meson exchange interaction. The lat- 
ter of these two features would imply that the splitting between the S5 and 
S^, as well as and and the and Qj^* states should be very small 
(no more than ~ 10-20 MeV). The first data on the masses of the and 
hyperons does however give their mass splitting as 56 MeV, although within 
a large uncertainty limit [20] . This - if confirmed - indicates that S-exchange 
mechanisms cannot be neglected. 

The expression for the mass difference between the S;, and A;, is, in anal- 
ogy with (3.3), 

m(E,) - m(A,) = SP^, - AP^, - ^P^^. (5.1) 

Here P^ is defined as the matrix element < 000|VB(r)|000 >, where Vsir) 
is the effective S-meson exchange interaction in the SU{4:)f extension of 
the interaction (1.2). With the Hb — mass difference value 173 MeV [20] 
and using the same values for the matrix elements of the vr and 77 exchange 
interactions we then obtain Pqq = 6 MeV, which is almost as large as the 
corresponding value for the C-exchange matrix element P^. 

The value for the constituent mass of the 6-quark may be determined 
from the mass splitting between the A° mass and the A'^ in analogy with 
(3.4) as 

nib = m(AO) - m(AO) + + GPq^ - GPq^ - ^S. (5.2) 

This gives mi, = 5003 MeV. Here we take = rrib in the expression (2.5) 
for the quark mass difference correction. 

The predicted B — —1 hyperon states in the ground state band are hsted 
in Table 4. The predicted - splitting is 6P^q = 36MeV if P^q is taken 
to be 6 MeV as suggested by the empirical E;, — A5 splitting. This splitting 
falls within the uncertainly limits of the empirical splitting 56 ±22 [20]. The 
predicted value for the — E^ sphtting is 
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m(S«) - m(E6) = - 6Po^ + ^P^^ - 2P^,^ + 7P^, - 3P^,' + A,. (5.3) 

If the matrix clement of the Bg exchange interaction P^" =< 000|Vbs('")|000 > 
is taken to be equal to that of the 5-exchange interaction (6 MeV) this 
splitting comes out as 28 MeV. The splitting between the B = —1 cascade 
hyperons and is 

m(S^) - m{Et) = 4Po^ + ^P^^ - 2P^ - 2P^,'. (5.4) 

Using the same matrix element values as above, this splitting is predicted to 
be 110 MeV. 

The splitting between the and the is predicted (in analogy with 
(3.7)) to be 3P^Q + SP^q' = 36 MeV. The splitting between and the is 

m{Q^) - m{Et) = 6P^, + P^^ - ^P^ + 3Po^ + 3Po^^ + A,. (5.5) 

The predicted numerical value for this splitting is 238 MeV - i.e. it should 
be almost equal to that between the 0° and the S^. Finally the VLl~ — VL^ 
splitting is predicted to be ^Pqq ~ 36 MeV. The predicted mass values in 
Table 4 are close to those obtained in ref. [13], once the latter are shifted up 
by the 20 MeV needed to bring the predicted mass of the A;, into agreement 
with its empirical value. 

The size of the empirical sphtting between the and the is only 2 
times smaller than that between the E* and the Eg. This is larger than the 

ratio ~ 1/3 that would be suggested by both the present pseudoscalar ex- 
change model, and the gluon exchange model for the hyperfine interaction. 
The empirical splitting is also much larger than the prediction of the bound 
state version of the Skyrme model [16,17]. 

In Table 5 we list the predicted negative parity excitations with L — 1 
of the B = —1 hyperons. In these predictions we have not included any 
i?-meson exchange interactions, as the contribution from such are expected 



14 



to be smaller than the uncertainty range of the predictions obtained with 
the present model and as in the absence of empirical data on the energies 
of the B — —1 hyperon resonances in the = 1 band the p-state matrix 
elements of the B— and S^-exchange interactions are unknown. Because of 
the neglect of bottom exchange interactions the S = 1/2 multiplets within 
the different quark flavor combinations are predicted to be degenerate. 

The predicted central position of the lowest A° negative parity multiplet 
in Table 5 is 300 McV above the Al This is ~30 MeV below the corre- 
sponding predictions obtained in ref. [5], where the fine structure interaction 
between the quarks was described in terms of gluon exchange. The Skyrme 
model predictions of ref. [16] for this central position are 30-50 MeV lower. 



6. Magnetic Moments of the Heavy Flavor Hyperons 

The expressions for the magnetic moments of the ground state charm 
hyperons in the constituent quark model in the impulse approximation have 
been derived in ref. [21]. These expressions, which are linear combinations 
of ratios of the nucleon and relevant constituent quark masses, arc listed in 
Table 6. In the table the corresponding numerical values are also listed as 
obtained with the constituent mass values used above (i.e. = 340 meV, 
m, = 467 MeV, rUc = 1652 MeV). 

A fiavor dependent interaction between the quarks of the form (1.1) or 
(1.2) implies charge exchange between quarks of unequal charge, and hence 
also of two-body or exchange current operators [2,22]. The general form 
of the octet vector exchange current operator that is associated with the 
pseudoscalar octet mediated interaction (1.1) will have the form [2]: 



Here Kr(r) and VK(r) are dimensionless functions, which describe the spatial 
structure of the tt and K exchange magnetic moment operators and //at is 




fJ'N{Vjr{rij){Ti X Tj)3 




(6.1) 
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the nuclear magneton. 



The charm exchange interaction (6.2) will give rise to a similar exchange 
current operator that involves SU (4) p matrices with the form 

+VDMj)i^l'^T - \''Af X aj) (6.2) 

Here Voirij) and VD^{rij) are then the corresponding dimensionless functions, 
which describe the spatial structure of the D (or D and D*) and Dg (or Dg 
and Dl) exchange magnetic moments. 

The exchange corrections to the magnetic moments of the hyperons in 
the ground state band will only depend on the 5'-shell matrix elements of the 
spatial functions Va{f) in (6-1) and (6.2) (a = tt, K, D, Dg). 

The expressions for these exchange current corrections to the magnetic mo- 
ments of J = I the charm hyperons are then 

/.-(A+) = -//^ns+) = -^/^^^S^) 

= 2 < 7^000(^2)1^0(^12) I ¥'000(^2) > A*jv, (6.3a) 
/.-(Sf) = -/.(Hf ) = = 

2 < </'000(n2)|VD.(ri2)k000(n2) > /^AT, (6.36) 

/.-(Sf ) = -/.^nsf ) = /^^^A?) + /^^ns?), (6.3c) 
;^^^(E++) = 0. (6.3d) 

The exchange current corrections to the corresponding transition magnetic 
moments are 



/x^-(E+ ^ A+) = ^ < <^ooo(ri2)|2V;(ri2) - V^D(ri2) |<^ooo(ri2) >, (6.4a) 
//-(5f ^ 5f ) = < (/.ooo(ri2)|2\6,(ri2) - V^D.(ri2)|<^ooo(ri2) >, (6.46) 
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//^^(5f ^ Ef) = < (^ooo(ri2)|V^D(ri2) - V^i..(ri2) |<^ooo(ri2) > ■ (6.4c) 

The matrix elements of the pion and kaon exchange current operators were 
treated completely phcnomenologically in ref. [2], and judged to be small: 

< 9^000(^2) |K('^i2)|v^ooo(n2) >^ -0.02, < (pooo{ri2)\VK{ri2)\Voooiri2) >^ 
0.03. It is natural to expect the corresponding D and exchange cur- 
rent operators (6.2) to have even smaller matrix elements, thus rendering 
this exchange current contribution insignificant. This implies that it is only 
the transition magnetic moments (6.4) that may have significant exchange 
current contributions, as it is only these that contain terms associated with 
pion and kaon exchange. In Table 6 we have therefore only included those 
exchange current corrections (in column 11). These exchange current contri- 
butions are not large enough to affect the quark model predictions of the 
magnetic moments of the charm hyperons in any significant way. 

Without any D or Ds exchange current contributions the magnetic mo- 
ments of the A+, and E'f are predicted to be equal, the numerical value 
as determined by the quark masses being 0.38//jv. It is remarkable that 
this value almost completely coincides with the corresponding average value 
0.37 fiN, which is given by the leading pion loop contribution in chiral per- 
turbation theory [23]. If the unknown constant in the chiral perturbation 
theory calculation in ref. [23] is dropped the magnetic moment of the S"""" is 
0.42// jv and that of the is 0.37// at. Such a deviation of the charm cascade 
magnetic moments from the average value can in the present approach be un- 
derstood if the D- and D^-meson exchange current magnetic moment matrix 
elements in (6.3) are negative, and the former is larger in magntitudc: e.g. 

< 000|yD(r)|000 > 0.04 and < 000|Vi5,(r)|000 > 0.02. The presence 

and possible significance of charm exchange current corrections can naturally 
only be decided by empirical determination of the magnetic moments of the 
charm hyperons. Note that in the bound state approach to the Skyrme model 
the magnetic moments of the A+ and the are also predicted to be 

degenerate [23]. 

In the case of the B — —1 hyperons the exchange current contributions 
should be very small, with the exception of the transition moments, which 
again also obtain a pion exchange contribution. In the case of the A5 and 
the E(, these exchange current contributions can be obtained from the cor- 
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responding expressions (10.3) in rcf. [2], for the strange hyperons, dropping 
the kaon exchange contribution (or by replacing it by a i?-meson exchange 
contribution of the same form) . 

The impulse approximation expressions for the B = —1 hyperons can be 
obtained from the corresponding expressions for the strange hyperons, by 
substituting the 6-quark mass in place of that of the ^-quark. For the 
and Eft hyperons we obtain, using the quark mass values = 340 MeV and 
rub = 5039: 

/.(A°) = pi{Ef) = /.(SD = = -0.062/.^, (6.5a) 

3 mfe 

Stun ^IruN ^ 
9 rriu 9 

MS.-) = M^.-) = -|^ + ^^ = -l-21. (6.5d) 
9 TJiu 9 rrib 

The smallness of the predicted value of the magnetic moment of the A° in- 
dicates that it will be difficult to measure accurately. 
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7. Discussion 



The results presented here show that a quite satisfactory description of 

the presently known part of the spectra of the heavy flavor hyperons can be 
obtained by describing the fine structure interaction between the quarks in 
terms of the schematic chiral field flavor-spin interaction (1.1), which repre- 
sents the most important component of the interaction that is mediated by 
the SU{3)f octet of hght pseudoscalar mesons. In order to obtain a non- 
vanishing splitting between the S = 1/2 and 5 = 3/2(7=1 and B = —1 
hyperons with zero order wavefunctions with [21]^ (112) and [3]f (HI) flavor 
symmetry which is the analog of the octet decuplet splitting of the light and 
strange baryons, a corresponding phenomenological Z^-meson (or i^-mcson 
hke) exchange interaction (1.2) also had to be included. 

No attempt has been made here to explain the 32 MeV spin-orbit splitting 
between the Ac(2593)^ and Ac(2625)^. It is however interesting to note that 
this splitting is smaller by a factor 3.59 than the spin-orbit splitting of 115 
MeV between the corresponding strange hyperon doublet A(1405) — A(1520), 
because this factor coincides almost completely with the ratio between the 
constituent masses of the charm and strange hyperons mc/rris = 3.54 (using 
the present values for the quark masses). This strongly supports the view 
that these resonances are 3-quark states, that are split by a two-body spin- 
orbit interaction, which would be expected to be inversely proportional to 
the quark masses. The dynamical origin of such a spin-orbit interaction is 
expected to be a combination of the spin-orbit interaction that is associated 
with the effective confining interaction and vector meson and vector meson 
like multimeson exchange mechanisms [2]. 

The results presented above underpredict, as do - although to a lesser ex- 
tent - those based on chiral perturbation theory in ref. [14], the approximately 
equal S* — Sc and S* — splittings of 75 MeV and 82 MeV respectively 
The present prediction of 39 MeV for this splitting can of course be increased 
to 50 - 60 MeV by relaxing the assumption of the matrix element equality 
(3.2) for the D and Ds exchange interaction, and the requirement of exact 
reproduction of the empirical Ec — A+ and — Sc splittings. The result 
then would agree well with the QCD estimate that the splitting should be 
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approximately t^QQj^jmc — 50 MeV [14]. If the large uncertainty limit on 
the preliminary experimental result for the — splitting [20] is taken into 
account, it also approximately agrees with this quark mass scaling rule. It 
would be important that the present large empirical uncertainty limits on the 
masses of the spin |, C = 1 hyperons be narrowed in order to assess whether 
or not the present undcrprcdiction of the value of the E* — Sc and S* — 
splittings is a problem for the present chiral quark model. The overall quality 
of the predicted masses of the charm hyperons in the ground state band is 
quite satisfactory, the predictions being similar to those obtained in other 
recent work using different theoretical approaches [14,23]. The quark model 
with the chiral field interaction (1.1) between the light constituent quarks 
is the only one, however, that at the present time can describe the lowest 
negative parity resonances of the Ac in a quantitatively satisfactory way. 

The main conclusion of the present work is that, with the exception of 
the splitting between the spin | and | states in the ground state band, the 
chiral field interaction (1.1) between the light constituent quarks is able to 
explain the empirically known part of the spectra of the C — \ hyperons. 
It is natural to expect the splitting between the spin | and | states in the 
ground state band to reveal short range dynamics, which is absent or unim- 
portant in the light and strange baryons. This splitting may also be used 
to settle question of the relative (un)importance of the gluon exchange in- 
teraction between heavy quarks and for pairs of light and heavy constituent 
quarks. The achievement of a deeper understanding of the nature and the 
dynamical origin of this splitting would be greatly facilitated by empirical 
determination of the ground state spectrum of the C = 2 hyperons, as the 
fine structure splitting of these should be entirely due to such short range 
dynamics. 
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Table 1 



Contributions to the masses (in MeV) of the C — +1 ground state hyper- 
ons from flavor exchange interactions (1.1) and (1.2) (SM). The difference be- 
tween constituent masses of the u and s quarks is denoted A^. The predicted 
mass values in column 1 are obtained without inclusion of the contribution 
from charm exchange mechanisms. The superscripts s, a on the Sc states in- 
dicate that the light and strange quarks are in symmetric and antisymmetric 
states respectively. The experimental values are from refs.[10,ll,12]. 



[f]Fs[f]F[f]s 


State 
(mass) 


Predicted 
mass 1 


Predicted 
mass 11 


SM 




[3]fs[21]f[21]s 


(2285) 


2285 
(input) 


2285 
(input) 


Q P"" _L puu 
00 "1" 00 

-¥ 




[3]fs[21]f[21]s 
[3]f5[3]f[3]5 


(2455?) 

K 

(2530?) 


2481 
2481 


2455 

(input) 
2494 


Tjir 1 puu 
-^00 3 -'00 

pvT 1 pUU 

00 3 00 


4P^ 


[3]ps[21]f[21]s 


S(a) 

(2465-2470) 


2485 


2485 


c pK 9 pus 
'J-' 00 ^-'00 
q pD q pDs 
"J-* 00 'J-' 00 

+A. - \5 




[3]fs[21]f[21]s 


(2560?) 


2618 


2593 


9 pK 1 2 pus 
^-'00 ^ 3-' 00 

_c;p^ _ ciP-^s 
'J-' 00 '-'-'00 

+A, - \5 




[3]f5[3]f[3]s 


(2642?) 


2618 


2632 


9 pK I 2 pus 
^-'00 "T 3-* 00 
9 pD 9 pDs 

~^^m ~ ^-^00 

+A. - \5 




[3]fs[21]f[21]s 

[3]fs[3]f[3]s 


qo 

(2710?) 


2748 
2748 


2726 

2765 


4 pss 1 fi pL>s 
3-' 00 -"-U-Too 

+2A, - \5 

4 pss /i pDs 
"S"* 00 ~ 00 

+2A, - \5 
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Table 2 



The negative parity L = 1 A+ and Ec resonances as predicted in the 
harmonic oscillator model with the flavor exchange fine structure interactions 
(1.1) and (1.2). The fine structure corrections include the u — s quark mass 
difference Ag and the corrections 6 due to the mass difference between the 
light and heavy quarks (4.1). The predicted energies (in MeV) are given in 
brackets. The predicted value for the lowest A+ doublet in square brackets 
is obtained with P/? = 0. 



[f]Fs[f]F[f]s 


Multiplct 


average 
energy 




[21]Fs[in]F[21]s 


i",Ae(2593)+? 
|",A,(2625)+? 


2609 

(2609) 

[2599] 


9 pn 1 1 puu c pD 
2 -'00 "T" 2-' 00 "-'00 
1 3 pn 1 puu _|_ o pD 
T~2 11 6 11 ^-^11 


[21]^5[21]f[21]5 


2 ' ^ 1 

3- A+ 

2 ' c 


? 

(2643) 


9 pTT 1 1 puu q pD 
2-* 00 2 00 '-'-'^00 
1 3 pn 1 puu I p: pD 
^"2 11 6 11 ~'~ 11 

-¥ 


[21]p5[21]f[3]5 


1- A+. 
3- A+- 

5- A+ 

2 ' c 


? 

(2655) 


-3P^ 

1 Q pTT 1 puu I pD 
"T'^-'ll 3-^11 "T -^11 


[21]p5[21]f[21]5 


2 ' ^c, 

3- y 


? 

(2747) 


1 p-TT 1 puu r pD 
2-' 00 6 00 '-'-'00 
1 3 PTT _|_ 1 puu I pD 
~r2 11 2 11 11 


[21]fs[^]f[21]s 


2 ' ^c, 

3- y 

2 t 


? 

(2693) 


1 pn 1 puu 9 pD 
2-* 00 6 00 ^-'00 
1 3 pn 1 1 puu 1 a pDD* 
2-* 11 ^ 2-* 11 "-' 11 


[21]fs[21]f[S]s 


y • 

3- y . 

5- y 
2 ' 


? 

(2654) 


pn 1 puu pD 

-'00 3-^00 -^00 
-1* 
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Table 3 

The negative parity L — 1 Ec and Q° resonances predicted with the 
flavor exchange fine structure interactions (1.1) and (1.2). The quark mass 
difference corrections and S are indicated exphcitly. The energies are 
given in units of MeV. 
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[f]Fs[f]F[f]s 


Multiplet 


average 
energy 


6M 


[21]fs[111]f[21]s 


1 ~ 

^ 1— 1 ^ • 

2 ' 
2 ' 


2752 


-'00 "5-' 00 "5-' 00 "^-f^oo 

+|PiY + + PR + 


[21]fs[21]f[21]s 


1 ^ "a 

2 ' ^ci 

3 ~ '^a 
2 ' 


2787 


-'00 '-'-' 00 2-' 00 2-' 00 

+iPo- + P,^ + |P,^ + ID^{ 


[21]fs[21]f[^]s 


2 ' 

3 ~ Tira. 

2 ' ' 

^ 

2 • —c 


2898 


2 -'^00 2 -'^00 

+|P- + 2P/[ + IPR + \PR^ 


[21]j.5[21]^.[21]5 


1 ~ "S. 

2 ' 
3- ■^s 
2 ' 


2851 


1 1 — i1 1 C 7 — ^ ft' 1 — > D J-i 7— \ / J , 

3-* 00 -^00 2 00 2 00 
Q TdK JDUS _|_ 3 pD 1 3 jdDs 
"J-^ll -^11 "I" 2-^11 2-^11 

+A, - |5 


[21]fs[^]f[21]s 


1 ~ . 

2 ' 
3- ■^s 
2 ' 


2886 


T 1 — »i ( e 7 TV 7— \ 7~) 7— \ / / 

J- l_J Uii^ If 1\ LJ^-^ S 

3-* 00 -'00 -'00 -'00 

-PiY + 3Pi^ + WR + 3P5» 
+A, - |5 


[21]f5[21]^[3]s 


-I 1— ( ^ • 

2 ' 
2 ' 

5- 

2 ' 


2792 


3-* 00 ^-" 00 2-' 00 2-' 00 
_l_3 jdD _|_ 3 pfs 
"^2-^^11 2-^11 

+A, - 15 


[21]f5[21]f[21]5 


1 ~ on 

2 ' "c 


2965 


"3-* 00 ^-"00 

+2Pff + SP/j*^ 
+2A, - |5 


[21]^5[3]f[21]5 


2 '"c 
2 ' '^'c 


2999 


2 pss 9 p-Ds 
3 -'00 ^-"00 

+2Pi\^ + QPR' 

+2A, - f () 


[21]p5[21]f[3]5 


^" Q°- 

2 '"c 

^" n°- 

^" n° 

2 ' "c 


2936 


4 pss P-Da 

3-* 00 -^00 
+3Pi^' 

+2A, - |(5 
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Table 4 

Contributions to the masses (in MeV) of the B — —1 ground state hyper- 
ons from flavor exchange interactions (1.1) and (1.2) {5M). The difference 
between constituent masses of the u and s quarks is denoted A^. The pre- 
dicted mass values are given in brackets. The superscripts s, a on the S;, 
states indicate that the light and strange quarks are in symmetric and anti- 
symmetric states respectively. The empirical values are from refs. [10,20]. 



[f]Fx[f]s 


State 
(mass) 


Mass 








[3]i.5[2l]F[2l]5 




5641 

(input) 


— Q P"' 

-\6 


1 JDUU 

-^00 


6^0^ 


[3]i.5[2l]F[21]5 

[3]f5[3]f[3]s 




5814 
(input) 
5870 
(5850) 


p-TT 
00 

-¥ 

00 

-¥ 


1 puu 
" 3-^00 

1 puu 
' 3-^00 


lOPo^o 

ApB 


[3]i.5[2l]F[2l]5 




? 

(5842) 


"J -'00 

+A, - 


^-f^oo 

¥ 






^(^) 
"6 


? 

(5952) 


^-'00 
^-'^00 

+A, - 


1 2 pus 
~r 3-* 00 

^-'00 




[3]f5[3]f[3]5 


"* 


? 

(5988) 


^-^00 

00 

+A, - 


1 2 pus 
"T 3-^00 
9 pSs 
00 

¥ 




[3]f5[3]f[3]5 




? 

(6080) 
(6116) 


4 pss 

3 00 

+2A, 

4 pss 
3-^00 

+2A, 


- lOPoo^ 

— zLP^^ 
^M)0 
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Table 5 



The negative parity L — 1 B — —1 hyperon resonance energies (in MeV) 
as predicted in the harmonic oscillator model with the flavor exchange fine 
structure interactions (1.1). The fine structure corrections include the u — s 
quark mass difference and the corrections 6 due to the mass difference 
between the light and heavy quarks (4.1). The neglect of the corrections of 
the B— and Bg— exchange interactions implies a 20-30 MeV uncertainty in 
the predicted energies. 



[f]Fs[f]F[f]s 


Multiplet 


Predicted 
energy 


5M 


[21],.5[111]f[21]s 
211p5 21]j.[21]s 


1- AO. 
2 '^^6' 


5940 


9 pTT _|_ 1 puu I 3 pTT 

2-* 00 "T 2-' 00 "T 2-^11 
6 3 


[21]fs[21]f[3]s 


1" \0. 3- AO. 
2 5 ■'^61 2 ' 6' 
5- AO. 
2 '^^6' 


6150 


_|_Q pTT 1 puu 
"T'^-' 11 S"* 11 


[21]fs[21]f[21]s 
[21]p5[3]f[21]5 


3- V 
2 ' 


6070 


1 pTT 1 puu I 3 pTT 

2 -'00 6 00 ' 2 11 
,1 puu _ 2K 
-t-2-'ll 


[21]fs[21]f[^]s 


1- y . 3- y . 
2 ; 2 ' 

2 '^6' 


5950 


p-K 1 puu 

-' 00 3-* 00 


[21]Fs[ni]F[21]s 
[21]fs[21]f[21]s 


2 ' "6' 

3 — T^'a 
2 '"6 


6110 


pus q pK 1 pK 

-f^oo "J-f^oo "T -f^ii 


[2l]f5[2l]F[3]5 


1 "a. 3 '^a. 

2 ' "fe' 2 ' 
5 — 'z:a. 

2 ' "fe ' 


6240 


1 2 pus 1 9 pK 
"'"3-' 11 ^-'^11 

+A, - 1^5 


[21]fs[21]f[21]s 
[21]fs[S]f[21]s 


2 ' "6' 
3- TITS 
2 '"fe 


6200 


1 pus piiT I q pi^ 
3 -'00 -'00 "T '-'-'11 

-AT + A, - |5 


[21]fs[21]f[3]s 


1 "s. 3 '^s. 

2 ' "fe' 2 ' 
5- -^^s 

2 '--6 


6120 


2 pus 9 pX 

3 -'00 ^-"00 

+As - !<5 


[21]fs[21]f[21]s 

[21],;s[3],-[21],, 




6310 


2 pss 1 9 pss 
3 -'^00 ^-'^11 

+2A, - |() 


[21]fs[21]f[S]s 


1 0-- 3 Q-. 

2 ' 


6240 


4 pss 

3-^00 
+2A, - \5 
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Table 6 



Magnetic moments of the S — 1/2 C — charm hyperons in the quark 
model (in units of the nuclear magneton). Column lA contains the impulse 

approximation expressions and column 1 the corresponding numerical values. 
Column 11 contains the exchange current corrections and column III the 
combined net prediction. 



lA 



I 



II 



III 



2 mjv 

3 rtic 

8 rriN _ 

9 m„ 

2 mjv _ 

9 mu 

4 mjv 

9 vriu 

1 TOjV 

\/3 ruu 

2 mjv 

3 nic 

2 mjv 

3 rUc 

4 mjv 
9 mu 



S+ ^ A+ 



' — 'c 
' — 'c 



2 mjv 

9 mc 
2 mjv 

9 



2 mjv 
9 mc 



2 mN 

9 mt 
2 mjv 



2 mjv 

9 m, 



2mjv 2 mjv 2 mjy 

9 mu 9 ms 9 mc 



1 /Q ^JV I mjv 

a/3V mu ms 

■) 



Vs^^ mu 
1 / mjv mjv 

3^3 ^mu 

4 mjv 2mjv 

9 m« 9 mc 



0.38 
2.33 
0.49 
-1.35 
-1.59 
0.38 
0.38 
0.65 
-1.18 
-1.45 
0.14 
-1.02 



-0.04 



0.07 



0.38 
2.33 
0.49 
-1.35 
-1.63 
0.38 
0.38 
0.65 
-1.18 
-1.38 
0.14 
-1.02 
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